The enhanced transport capability of transfer cells (TCs) arises from their ingrowth wall architecture comprised of a uniform wall on which wall ingrowths are deposited. The wall ingrowth papillae provide scaffolds to amplify plasma membranes that are enriched in nutrient transporters. Using Vicia faba cotyledons, whose adaxial epidermal cells spontaneously and rapidly (hours) undergo a synchronous TC trans-differentiation upon transfer to culture, has led to the discovery of a cascade of inductive signals orchestrating deposition of ingrowth wall papillae. Auxin-induced ethylene biosynthesis initiates the cascade. This in turn drives a burst in extracellular H 2 O 2 production that triggers uniform wall deposition. Thereafter, a persistent and elevated cytosolic Ca 2+ concentration, resulting from Ca 2+ influx through plasma membrane Ca 2+ -permeable channels, generates a Ca 2+ signal that directs formation of wall ingrowth papillae to specific loci. We now report how these Ca 2+ -permeable channels are regulated using the proportionate responses in cytosolic Ca 2+ concentration as a proxy measure of their transport activity. Culturing cotyledons on various combinations of pharmacological agents allowed the regulatory influence of each upstream signal on Ca 2+ channel activity to be evaluated. The findings demonstrated that Ca 2+ -permeable channel activity was insensitive to auxin, but up-regulated by ethylene through two independent routes. In one route ethylene acts directly on Ca 2+ -permeable channel activity at the transcriptional and post-translational levels, through an ethylene receptor-dependent pathway. The other route is mediated by an ethylene-induced production of extracellular H 2 O 2 which then acts translationally and post-translationally to up-regulate Ca 2+ -permeable channel activity. A model describing the differential regulation of Ca 2+ -permeable channel activity is presented.
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Introduction
Transfer cells (TCs) are plant cells specialized to facilitate high rates of membrane transport of nutrients and, consistent with this function, are located at symplasmic discontinuities that otherwise form bottlenecks for nutrient exchange (Offler et al. 2003 , Andriunas et al. 2013 ). The capacity of TCs for enhanced membrane transport arises from their wall ingrowths, deposited on an underlying uniform wall, forming scaffolds to support amplified areas of plasma membrane enriched with nutrient transporters (Offler et al. 2003) . Thus, identifying mechanisms responsible for producing signals regulating wall ingrowth deposition is central to understanding nutrient partitioning in plants and hence crop yield.
To address the above question, we have made use of an experimental system of cultured cotyledons of Vicia faba. Upon cotyledon transfer to culture, their adaxial epidermal cells spontaneously and synchronously undergo a rapid (hours) trans-differentiation to a TC morphology (Andriunas et al. 2013) . The inductive signaling cascade is initiated by a rise of auxin levels in the adaxial epidermal cells (Dibley et al. 2009 ), triggering ethylene production by inducing expression of an ethylene biosynthetic enzyme, 1-aminocyclopropane1carboxylate synthase (VfACS1; Zhou et al. 2010) . Operating through an EIN3 pathway (Zhou et al. 2010 , Andriunas et al. 2011 , ethylene regulates expression of respiratory burst oxidase homologs (VfrbohA and VfrbohC) to drive a polarized burst in extracellular H 2 O 2 levels that switch on cell wall biosynthesis and deposition of the uniform wall . Accompanying these events, a polarized Ca 2+ signal, comprised of inward-directed plumes of elevated concentrations of cytoplasmic Ca 2+ ([Ca 2+ ] cyt ), was shown to determine loci at which wall ingrowth papillae are deposited (Zhang et al. 2015 ). An (Zhang et al. 2015) .
The coupling between the auxin-ethylene-H 2 O 2 signaling cascade regulating ingrowth wall formation of TCs (Andriunas et al. 2013 ) and the newly discovered role of Ca 2+ signaling in this process (Zhang et al. 2015) remains to be determined. Studies of polarized cell wall deposition in root hairs and pollen tubes suggest that their tip-high [Ca 2+ ] cyt levels result from Ca 2+ influx through tip-localized Ca 2+ -permeable channels, the activities of which are regulated post-translationally by reactive oxygen species (ROS; Cárdenas 2009 , Hepler et al. 2012 . Similar positive ROS regulation of Ca 2+ -permeable channel activity has been observed in other physiological contexts (Duan et al. 2014 , Pottosin et al. 2014 ) with concurrent ROS activation of Ca 2+ -ATPases to ensure [Ca 2+ ] cyt homeostasis (Pottosin et al. 2014 ). To our knowledge, there are no examples of ethylene activating Ca 2+ -permeable channels during tip growth of pollen tubes or root hairs. However, ethylene has been shown to elicit a Ca 2+ signal in tobacco suspension cells by post-translational activation of plasma membrane Ca 2+ -permeable channels (Zhao et al. 2007 ). In addition, there is a growing body of evidence that [Ca 2+ ] cyt functions as a second messenger in a range of auxin-mediated cell responses (e.g. Monshausen et al. 2011 , and references therein). Thus there are precedents for auxin, ethylene and ROS components of the TC-inductive signaling pathway (Andriunas et al. 2013 ) to activate plasma membrane Ca 2+ -permeable channels to generate the Ca 2+ signal known to direct deposition of wall ingrowth papillae (Zhang et al. 2015) .
To this end, using adaxial epidermal cells of cultured V. faba cotyledons as the experimental system, we evaluated responses of their plasma membrane Ca 2+ -permeable channel activities to the TC-inductive signals, auxin, ethylene and H 2 O 2 (Andriunas et al. 2013 -ATPase activity proportionally (Bose et al. 2011) . As a consequence, and consistent with the findings reported in Zhang et al. (2015) Since some 90% of the Ca 2+ flux into the epidermal cells occurs through nifedipine-sensitive channels (Zhang et al. 2015) , this offered the opportunity to derive estimates of the relative abundance of Ca 2+ -permeable channels using the fluorescent-tagged nifedipne analog, DM-BODIPY(-)-dihydropyridine (fl-DHP). Indirect evidence consistent with fl-DHP selectively binding to dihydropyridine receptors located in the Ca 2+ -permeable channels supporting the Ca 2+ influx into the trans-differentiating epidermal cells driving their increases in [Ca 2+ ] cyt rel includes: (i) fl-DHP binds preferentially to the region of the plasma membrane lining the outer periclinal region of the epidermal cells that co-localizes with their elevated levels of [Ca 2+ ] cyt rel (Zhang et al. 2015) ; (ii) fl-DHP competed with nifedipine for the same binding site, suggesting that both molecules target the same Ca 2+ -permeable channels of the epidermal cells (Zhang et al. 2015) ; (iii) fl-DHP binding exhibited a saturable concentration dependence with a K d of 556 nM ( Supplementary Fig. S1 ) that is at least a magnitude lower than that reported for non-specific binding of fl-DHP to K + channels (e.g. Thomine et al. 1994) ; (iv) the accumulation of bound fl-DHP fluorescence asymptoted following 2 h of staining irrespective of the final level of bound fluorescence, consistent with a specific binding event rather than fl-DHP simply partitioning into the lipid environment of the plasma membranes ( Supplementary Fig. S2 ). Given these findings, cotyledons were stained for 2 h with 600 nM fl-DHP and measures of fluorescence intensity emitted by fl-DHP bound to the outer periclinal plasma membrane in the trans-differentiating epidermal cells provided estimates of the Ca 2+ -permeable channel abundance (for more details, see the Materials and Methods).
For estimating levels of [Ca 2+ ] cyt rel , in the absence of a stable or transient transformation system for V. faba to introduce Ca 2+ reporters (Swanson et al. 2011) , we relied on confocal imaging fluorescence of a pre-loaded single-wavelength Ca 2+ -sensitive probe, fluorescent acetoxymethyl (AM) ester, Oregon Green 488 BAPTA-1 AM ester (OGB-1; Invitrogen). Furthermore, pseudo-ratiometric correction of the OGB-1 fluorescence was not possible as the AM esters of the reference dyes, Fura-Red or Texas Red, could not be loaded into the epidermal cells (Zhang et al. 2015) . However, an analysis by Zhang et al (2015) showed that detection of OGB-1 fluorescence in the epidermal cells satisfied all the criteria necessary to obtain valid estimates of [Ca 2+ ] cyt rel using a single-wavelength reporter (Swanson et al. 2011 (Fig. 1A) ; and relative levels of Ca 2+ -permeable channels or [Ca 2+ ] cyt rel derived from measures of fluorescent intensity per cell (Fig. 1B) . Both parameters increased from the onset of cotyledon culture (Fig. 1) . Percentages of epidermal cells emitting fluorescence originating from bound fl-DHP or accumulated OGB-1 asymptoted at 3 h (Fig. 1A) . In contrast, their fluorescent intensities per cell asymptoted at 6 h and thereafter remained at steady-state levels (Fig. 1B) . The latter finding is consistent with the continuous recording of OGB-1 fluorescence in epidermal cells by spinning disk confocal microscopy at 15 h of cotyledon culture (Zhang et al. 2015) . This steady-state condition is generated by Ca 2+ influx through Ca 2+ -permeable channels being matched by efflux through Ca 2+ -ATPases (Zhang et al. 2015) . Of most significance to the current study was that, irrespective of the measurement mode, temporal changes in relative abundance of plasma membrane Ca 2+ -permeable channels and levels of [Ca 2+ ] cyt rel were tightly coupled ( Fig. 1 ), an experiment was designed around the known sequence of auxin inducing ethylene biosynthesis (Dibley et al. 2009 , Zhou et al. 2010 ) and the resulting burst in ethylene inducing extracellular H 2 O 2 production . To this end, isolated V. faba cotyledons were cultured for 15 h on various combinations of pharmacological agents and exogenously supplied with signaling molecules. These combinations of pharmacological agents and effectors created conditions in which cotyledons were exposed to only one or all of the above TCinductive signals (for more details of the treatments, see Table 1 ). Thereafter, the response of [Ca 2+ ] cyt rel and development of wall ingrowth papillae to each of these treatments was determined ( ] cyt rel estimated from fluorescent intensities. Cotyledons were removed from culture at the times specified. Separate batches of these cultured cotyledons were then either immediately stained with DM-BODIPY (-)-dihydropyridine (fl-DHP) to estimate the relative abundance of plasma membrane Ca 2+ -permeable channels or loaded with Oregon Green BAPTA-488 AM ester (OGB-1) to obtain estimates of [Ca 2+ ] cyt rel levels as described in the Materials and Methods. Mean ± SE of 400 cells from four replicate cotyledons scored in (A) and 100 cells measured from four replicate cotyledons in (B).
Collective blocking of all the above signals by exposing cultured cotyledons to an auxin inhibitor, p-chlorophenoxyisobutyric acid (PCIB; see Zhou et al. 2010 ] cyt rel and deposition of wall ingrowth papillae were restored to control levels by adding back ethylene when auxin action was blocked. Comparable responses were observed when ethylene and H 2 O 2 were added to the culture system in the presence of the ethylene biosynthesis inhibitor, AVG (Zhou et al. 2010) , and/or DPI, a blocker of NADPH oxidase activity that generates the inductive ROS signal ; see also The ROS signal initiating formation of ingrowth wall papillae has been identified to be extracellular H 2 O 2 . However, it is unclear whether the ethylene-induced H 2 O 2 signal regulating Ca 2+ -permeable channel activity (see the previous section) acts extracellularly. For instance, extracellular H 2 O 2 could enter the epidermal cells through aquaporins located in their plasma membrane (Henzler and Steudle 2000) to alter Ca 2+ -permeable channel activity. We examined this question using a pharmacological approach to manipulate intracellular and extracellular ROS levels independently. Extracellular H 2 O 2 was depleted by culturing V. faba cotyledons on Murashige and Skoog (MS) medium containing the extracellular Cu/Zn superoxide dismutase (SOD) inhibitor, diethyldithiocarbamate (DDC), and the ROS scavenger, ascorbic acid , without impacting their intracellular ROS levels ). In the presence of these two reagents, [Ca 2+ ] cyt rel in the outer periclinal region of adaxial epidermal cells was diminished substantially ( Table 2) . ] cyt rel (relative to control) are presented in parentheses. The percentage of cells with wall ingrowth papillae was determined from 100 cells per cotyledon, with six replicate cotyledons per treatment. a DPI also inhibits ethylene signaling through suppressing expression of ethylene biosynthesis genes (see Andriunas et al. 2012 ).
In contrast, selective depression of intracellular ROS levels by culturing cotyledons on MS media containing the intracellular antioxidants butylated hydroxyanisole (BHA) or flavone The catalytic activity of a protein can be regulated at transcriptional, translational or post-translational level(s). To better understand how ethylene and extracellular H 2 O 2 directly affect the activity of the Ca 2+ -permeable channels, a set of experiments was designed to distinguish action at the various levels of molecular control using changes in [Ca 2+ ] cyt rel to evaluate effects on Ca 2+ -permeable channel activity (see Fig. 1 ). A reference point was chosen at which levels of [Ca 2+ ] cyt rel and hence Ca 2+ -permeable channel activity reached a steady state. This point was reached at 6 h of cotyledon culture (Fig. 1B) . Thereafter, cotyledons were transferred to MS media containing the following combinations of pharmacological agents for a further 9 h before measuring [Ca 2+ ] cyt rel ( Table 3 ). These were: (i) AVG + DPI in the absence or presence of exogenous ethylene or H 2 O 2 to distinguish between the effects of ethylene and extracellular H 2 O 2 on Ca 2+ -permeable channel activity (see Table 1 ). These treatments were overlaid with exposure of cotyledons to MS media containing (ii) an RNA biosynthesis inhibitor, 6-methylpurine, that restricted action of ethylene and extracellular H 2 O 2 to the translational plus post-translational levels or (iii) a protein biosynthesis inhibitor, cycloheximide, which isolated any regulation by ethylene or extracellular H 2 O 2 to the post-translational level.
Effects of ethylene and extracellular H 2 O 2 on [Ca 2+ ] cyt rel under the conditions described in (i)-(iii) above are presented in Table 3 . These data sets were then manipulated to distil out actions of ethylene and extracellular H 2 O 2 at the transcriptional, translational and post-translational levels as follows. Differences in [Ca 2+ ] cyt rel responses between (i) and (ii) result from regulation at the transcriptional level, differences between (ii) and (iii) can be ascribed to regulation at the translational level, whilst responses detected in (iii) must result solely from post-translational action on Ca 2+ -permeable channel activity. The analysis demonstrated that ethylene acted primarily on transcription of Ca 2+ -permeable channels with a modest impact on post-translational activation, but with no effect mediated at the translational level (Table 4) . In contrast, extracellular H 2 O 2 exerted equal stimulation at the translational and post-translational levels, with no detectable influence at the transcriptional level (Table 4) . Collectively, these findings show that ethylene and the ethylene-induced extracellular H 2 O 2 signal co-regulate Ca 2+ -permeable channel activity at differing levels of molecular control.
Relative measures of Ca 2+ -permeable channel abundance by fl-DHP verify proposed ethylene and H 2 O 2 actions at the transcription and translation levels An independent evaluation of ethylene and H 2 O 2 action on transcription and translation of the Ca 2+ -permeable channels responsible for creating the elevated plumes of cytosolic Ca 2+ was undertaken. For this study, cotyledons were subjected to the identical treatment regimes described in Table 3 and thereafter exposed to fl-DHP that specifically binds to these channels (Zhang et al. 2015 ; Fig. 1 legend) . Thus confocal measures of fluorescence intensity of bound fl-DHP (Supplementary Table  S1 ) provided relative estimates of the DHP receptor-containing 
Ca
2+ -permeable channel abundance in the trans-differentiating epidermal cells as described for Fig. 1B .
Correcting for background fluorescence intensities (i.e. fluorescence intensities in the absence of ethylene and H 2 O 2 action; see Supplementary Table S1 ), the net values detected in control cotyledons were attributable to ethylene or H 2 O 2 action on channel transcription plus translation, whilst those of 6-methylpurinetreated cotyledons resulted from impacts on channel translation alone. This allowed ethylene and H 2 O 2 impacts on channel transcription to be deduced as the differences between the control and 6-methylpurine data sets (Supplementary Table S1 ). Consistent with the conclusions reached from measures of OGB-1 fluorescence (Table 4) , ethylene, compared with H 2 O 2 , exerted an approximately 2-fold stronger influence on Ca 2+ -permeable channel abundance resulting from combined actions on their transcription plus translation (Table 5) . Moreover, the consistency between the two measures also extended to ethylene action being largely confined to channel transcription, whilst H 2 O 2 acted primarily on channel translation (compare Tables 4, 5 ). Estimates of any impacts on protein abundance in the presence of cycloheximide by ethylene or H 2 O 2 must be confined to their impacts on channel protein turnover. Since fl-DHP intensities in this data set were identical to background, we conclude that neither ethylene nor H 2 O 2 influences degradation of the channel protein. Thus, their observed effects on channel protein abundance can be entirely accounted for by acting on protein translation from mRNA transcripts.
Ethylene regulates Ca
2+ -permeable channel activity through a receptor-dependent pathway Ethylene impacts ingrowth wall formation through an ethylene receptor-dependent pathway (Zhou et al. 2010) . To examine if an ethylene receptor pathway functions to regulate Ca 2+ -permeable channel activity at the post-translational level, an ethylene receptor antagonist, silver thiosulfate (STS; see Thompson et al. 1982) , was used. Cotyledons were cultured on MS medium for 6 h to allow Ca 2+ -permeable channel activity to reach full capacity (see Fig. 1B) . Thereafter, the cotyledons were transferred to MS media containing AVG + DPI + exogenous ethylene ± the protein biosynthesis inhibitor cycloheximide. To both these sets of culture media, a ± STS treatment was applied to evaluate whether ethylene action depended on it binding to an STS-sensitive ethylene receptor. In the presence of STS, [Ca 2+ ] cyt rel was reduced to basal levels irrespective of whether or not translation of Ca 2+ -permeable channel transcripts was blocked by cycloheximide ( Table 6 ). These results indicated that an ethylene receptordependent pathway is essential for ethylene to exert its direct action on Ca 2+ -permeable channel activity at the post-translational level. 0.1 mM 6-methylpurine 18 ± 1 8 9 ± 3 287 ± 11 0.1 mM Cycloheximide 19 ± 2 8 5 ± 3 135 ± 6
Discussion
Vicia faba cotyledons were cultured on liquid MS medium alone for 6 h and then transferred to MS medium containing aminoethoxyvinylglycine (AVG) and diphenyleneiodonium chloride (DPI) ± mRNA biosynthesis inhibitor, 6-methylpurine, or ± protein biosynthesis inhibitor, cycloheximide, for a further 9 h. In each of these treatments, the role of ethylene and H 2 O 2 on [Ca 2+ ] cyt rel was evaluated by supplementing the culture with ± ethylene or ± H 2 O 2 , respectively. At 15 h, the cotyledons were removed from the culture treatments and [Ca 2+ ] cyt rel levels were determined from fluorescence intensities of OBG-1 loaded into their adaxial epidermal cells. Mean ± SE of 100 cells from four replicate cotyledons exposed to each treatment. Supplementaty Table S1 ). Percentage effects on net fluorescence intensities at different levels (relative to total effect) are presented in parentheses.
epidermal cells (Fig. 1) . This finding is consistent with the role plasma membrane Ca 2+ -permeable channels play in generating the analogous tip-high and polarized cytosolic Ca 2+ gradients in elongating root hairs (Cárdenas 2009 ) and pollen tubes (Hepler et al. 2012) . Plasma membrane Ca 2+ -ATPases function to maintain homoeostasis of, and shape, the cytosolic Ca 2+ signal both spatially and temporally (Dodd et al. 2010 ). In the epidermal cells, Ca 2+ -ATPase activity accounts for maintenance of the elevated but steady-state [Ca 2+ ] cyt rel ( Fig. 1) as well as contributing to shaping the elevated [Ca 2+ ] cyt rel into persistent plumes (Zhang et al. 2015) . Ca 2+ signals are generated by Ca 2+ influx through cohorts of plasma membrane Ca 2+ -permeable channel isoforms (Dodd et al. 2010 , Hepler et al. 2012 ). This condition probably applies to Ca 2+ signal formation in the cotyledon epidermal cells (Zhang et al. 2015) . Thus, measures of [Ca 2+ ] cyt rel as a proxy for Ca 2+ -permeable channel activities (Fig. 1) provided a robust experimental approach to investigate the combined in planta regulation of the epidermal cell population of Ca 2+ -permeable channel isoforms during trans-differentiation to a TC morphology.
Ethylene regulates Ca 2+ -permeable channel activity through two routes
Since auxin is known to regulate Ca 2+ -permeable channel activity (e.g. Monhaussen et al. 2011) , the absence of a response in transport activity by plasma membrane Ca 2+ -permeable channels of epidermal cells to auxin (Table 1) indicates that the population of channel isoforms present in the epidermal cells must be insensitive to the intracellular spike in auxin levels (Dibley et al. 2009 ). Rather, any auxin influence on Ca 2+ -permeable channel activity must be mediated by its downstream signal ethylene (Zhou et al. 2010) , as demonstrated by ethylene fully restoring depressed [Ca 2+ ] cyt rel and deposition of wall ingrowth papillae when auxin action is blocked ( Table 1) .
During TC trans-differentiation, ethylene was found to upregulate Ca 2+ -permeable channel activities through two routes. These were a direct action of ethylene on Ca 2+ -permeable channel activity and an indirect action through inducing expression of plasma membrane-localized respiratory burst oxidases that catalyze the production of extracellular H 2 O 2 as a downstream signal (Table 1; Fig. 3 ; Andriunas et al. 2012 ). To our knowledge, such a dual regulation of Ca 2+ -permeable channel activity has not been reported previously. However, a comparable scenario applies to a wheat aquaporin, TaAQP8, in which ethylene functions as a positive regulator, and downstream intracellular ROS as a negative regulator of TaAQP8 transcription (Hu et al. 2012 ). In the absence of a direct ethylene action on Ca 2+ -permeable channels, ethylene-induced production of ROS has been shown to regulate Ca 2+ -permeable channel activities positively as components of the adaptive responses to potassium deficiency (Wang and Wu 2013 ) and salt stress (Pottosin et al. 2014) .
Direct regulation of Ca 2+ -permeable channel activity in trans-differentiating epidermal cells by ethylene was found to be mediated at the transcriptional ( Table 5; Supplementary  Table S1 ) and post-translational levels (Tables 3, 4; Fig. 3) , through a receptor-dependent pathway sensitive to STS ( Table 6) . Our finding appears to be the first reported observation of transcriptional regulation of Ca 2+ -permeable channel genes by ethylene. However, ethylene has been shown to up-regulate transcription of other plasma membrane transporters, including, for example, the Arabidopsis potassium transporter HAK5 (Jung et al. 2009 ), the Arabidopsis iron transporters AtFIT, AtFRO and AtIRT families (Garcia et al. 2010) , the wheat aquaporin TaAQP8 (Hu et al. 2012) , and wheat malate effluxer TaALMT1 (Tian et al. 2014) . Ethylene-induced posttranslational increases in Ca 2+ -permeable channel activity of the epidermal cells correspond to the rapid (minutes) ethylene activation of Ca 2+ -permeable channels in the plasma membrane of tobacco suspension cells detected by whole-cell patch-clamp measurements (Zhao et al. 2007) .
Direct action of ethylene on Ca 2+ -permeable channel activity generated a substantial proportion ($63%) of the rise in [Ca 2+ ] cyt rel , but had no direct effect on deposition of wall papillae ( Table 1) . The most straightforward explanation to account for an absence of deposition of wall papillae in the presence of the cytosolic Ca 2+ signal that directs their deposition (Zhang et al. 2015) is that extracellular H 2 O 2 , not ethylene, switches on cell wall biosynthesis during trans-differentiation of the epidermal cells to a TC morphology . However, while shown to be an optimal dose, the 10 mM H 2 O 2 supplement only supported up to an 80% recovery of deposition of wall ingrowth papillae in DPI-treated cotyledons ( Table 1 ; Andriunas et al. 2012 ). This suggests that the ROS-induced response of [Ca 2+ ] cyt rel ( Table 1 ) was suboptimal to restore the deposition of wall ingrowth papillae to control levels and ethylene regulation contributed the remaining [Ca 2+ ] cyt rel . The constraint imposed by the obligatory concurrent presence of ethylene and ROS may function to avoid induction of formation of wall ingrowth papillae in circumstances in which cotyledon levels of ROS are elevated in response to environmental stresses (Pottosin et al. 2014) rather than as an ethylene-induced developmental cue for trans-differentiation to a TC morphology (Zhou et al. 2010 In addition to a direct action (see previous section), ethylene was found to regulate Ca 2+ -permeable channel activity of the trans-differentiating epidermal cells through inducing (Zhang et al. 2015) , is analogous to the regulatory role extracellular H 2 O 2 plays in tip growth of root hairs (Cárdenas 2009 , Wu et al. 2010 ) and pollen tubes (Hepler et al. 2012) . Moreover, the parallel with root hairs (Cárdenas 2009 ) and pollen tubes (Hepler et al. 2012) indicates that approximately 50% of the extracellular H 2 O 2 action is mediated at the post-translational level (Tables 3, 4; Fig 3) . In this context, a post-translational positive feedback loop between Ca 2+ -permeable channels and ROS-producing respiratory burst oxidases present in root hairs (Takeda et al. 2008) appears to be operative in the transdifferentiating epidermal cells . However, in contrast to TCs, ROS-activated Ca 2+ channel activity is not regulated by ethylene in either tip-growth system. Extracellular, and not intracellular, H 2 O 2 was found to be capable of activating the plasma membrane Ca 2+ -permeable channels of the epidermal cells (Table 2; Fig. 3 ). This finding is consistent with ingrowth wall deposition during TC transdifferentiation being directed solely by extracellular H 2 O 2 . Such a mechanism accounts for H 2 O 2 activation of Ca 2+ -permeable channels in root hairs (Cárdenas 2009 , Wu et al. 2010 ) and pollen tubes (Hepler et al. 2012) . Biologically active ROS have millisecond half-lives (O'Brien et al. 2012) . As a consequence, respiratory burst oxidases and Ca 2+ -permeable channels might be located proximal to one another in plasma membrane microdomains. This configuration ensures effective delivery of ROS from the respiratory burst oxidases to the recipient Ca 2+ -permeable channels (Liu et al. 2009 , Malinsky et al. 2013 . Whether this condition applies to epidermal cells remains to be determined.
In addition to post-translational regulation of Ca 2+ -permeable channels by extracellular H 2 O 2 , an equal component (i.e. 56%) of H 2 O 2 -induced activation in epidermal cells appeared to be mediated at the translational level (Tables 2, 4 ; see also Fig. 3 ; Table 5; Supplementary Table S1 ). To our knowledge, translational regulation of transporter activities by extracellular ROS has not been reported previously. To exert this effect would depend upon an as yet unidentified mechanism to sense and transduce the extracellular ROS signal (Mittler et al. 2011) . In contrast, intracellular ROS have been shown to exert regulatory control of transporter activities at the post-translational and transcriptional levels (e.g. Wang and Wu 2013) .
Conclusion
The linear and positive relationship between relative concentration estimates of [Ca 2+ ] cyt rel and the relative abundance of plasma membrane Ca 2+ -permeable channels (Fig. 1) provided a platform to investigate the regulation of these channels. The reported findings establish the positioning of the cytosolic Ca 2+ signal, generated by the Ca 2+ -permeable channels, in the sequence of signals that induce the trans-differentiation events leading to constructing ingrowth walls of epidermal TCs of -permeable channel activity by ethylene in adaxial epidermal cells of cultured V. faba cotyledons during their trans-differentiation to a TC morphology. Ethylene acts through two routes. In one route ethylene acts directly through an ethylene receptor-(ETR) dependent pathway and promotes Ca 2+ -permeable channel activity at transcriptional (black arrows) and posttranslational (blue arrows) levels. In the other route, ethylene induces a burst of extracellular H 2 O 2 , which is sensed and transduced by an unknown signaling pathway (gray arrow, broken line), to enhance translation of Ca 2+ -permeable channel proteins (red arrows) as well as activating them post-translationally (blue arrow). ER, endomembrane reticulum; ERF, ethylene response factor; ETR, ethylene receptor; PM, plasma membrane. cultured V. faba cotyledons (Fig. 3) . Upon transfer of V. faba cotyledons to culture, an elevation in auxin levels (Dibley et al. 2009 ) induces ethylene biosynthesis in their adaxial epidermal cells (Zhou et al. 2010) . The activity of the Ca 2+ -permeable channels was found to be insensitive to auxin (Table 1) . In contrast, ethylene was shown to exert a positive regulatory influence on channel activity through two independent routes. In one route, sensed and transduced by an ethylene receptor-dependent pathway (Table 6) , ethylene directly alters the activities of the Ca 2+ -permeable channels (Table 1 ) by acting at the transcriptional and post-translational levels ( Table 4 ). In the other route, ethylene initiates a burst in extracellular H 2 O 2 production . The extracellular H 2 O 2 positively regulates Ca 2+ -permeable channel activity by up-regulating channel translation and post-translational transport function (Tables 2, 4) . What now needs to be elucidated are the molecular identities of the Ca 2+ -permeable channels, mechanisms contributing to their organization in the plasma membrane to allow generation of the cytosolic Ca 2+ plumes and the elicited downstream mechanisms responsible for regulating deposition of wall ingrowth papillae at specific loci (Zhang et al. 2015) .
Materials and Methods

Plant material and growth conditions
Vicia faba L. cv. Fiord plants were raised under controlled environmental conditions according to Wardini et al. (2007) .
Cotyledon culture
Vicia faba cotyledons were prepared for aseptic culture on a modified Murashige and Skoog (1962) liquid medium (MS) containing 262.5 mM betaine to adjust osmolality as described by Zhou et al. (2010) . Briefly, sister cotyledon pairs were placed in Petri dishes on a layer of filter paper soaked in 5 ml of MS medium with or without specified pharmacological agents and cultured in darkness at 26 C for 15 h unless specified otherwise. Experiments in which cotyledons were exposed to ethylene during culture were performed as described by Zhou et al. (2010) . Each pharmacological agent was applied at a concentration that did not impact cell viability as verified by staining tissue sections of cultured cotyledons with 0.1% (w/v) Tetrazolium Blue.
Measurement of relative cytosolic Ca
2+ levels ([Ca 2+ ] cyt rel )
In the absence of a stable or transient transformation system for V. faba to introduce Ca 2+ reporters (Swanson et al. 2011) , we relied on confocal imaging fluorescence of a pre-loaded single-wavelength Ca 2+ -sensitive fluorescent probe, the fluorescent AM ester OGB-1 (Invitrogen) to obtain estimates of [Ca 2+ ] cyt rel . OGB-1 was loaded into cotyledons directly sampled from plants (t = 0 h) or following their culture on MS medium ± pharmacological agent(s) for the specified times (Zhang et al. 2015) . A working concentration of 40 mM OGB-1 was used. To minimize hydrolysis of the AM ester by extracellular esterases, cotyledons were loaded with OGB-1 at 4 C for 3 h. Thereafter, loaded cotyledons were incubated on liquid MS medium for 2 h at 26 C to allow cleavage of OGB-1 ester by cytosolic esterases, thereby trapping the membrane-impermeant OGB-1 in the cell cytosol (Zhang et al. 2015) . Transverse hand-cut sections were prepared from the cotyledons using a razor blade. The sections were counterstained with 0.1% (w/v) Tetrazolium Blue [prepared in phosphate-buffered saline (PBS) buffer containing 100 mM sucrose] for 20 min to identify viable cells for microscope observations. The tissue sections were then counterstained with 0.1% (w/v) Calcofluor White (CFW) for 30 s to outline cell walls of adaxial epidermal cells, before being mounted in 200 ml of PBS buffer containing 100 mM sucrose and visualized using a confocal laser scanning microscope (CLSM).
An Olympus FV1000 CLSM with a 405 nm UV laser and a 473 nm diodepumped solid-state laser, combined with a acousto-optic tunable filter laser combiner, were used to visualize the adaxial epidermal cells. A 440-490 nm emission filter set was used to detect CFW fluorescence with the gain of the photomultiplier tube set to 500 V. For fl-DHP/OGB-1 fluorescence, the emission filter and photomultiplier gain was set to 510-550 nm and 700 V, respectively. A Â60 (NA = 1.4) oil-immersion lens was used.
Measures of OGB-1 fluorescence, as pixel intensities (see 'Data analysis' below), provided estimates of [Ca 2+ ] cyt rel from a calibration curve constructed using epidermal cells permeabilized with the Ca 2+ ionophore, A23187, and equilibrated in known Ca 2+ concentrations (Zhang et al. 2015) .
Determination of plasma membrane Ca 2+ -permeable channel abundance
The Ca 2+ -permeable channels responsible for generating the elevated [Ca 2+ ] cyt rel in the cotyledon epidermal cells were shown to be localized to the plasma membrane and sensitive to drugs (nifedipine; verapamil) that bind to dihydropyridine receptors (Zhang et al. 2015) . To this end we obtained relative estimates of channel abundance by determining pixel intensities (see 'Data analysis' below) of fluorescence emitted from the fluorescent nifedipine analog, fl-DHP (Invitrogen), shown to bind selectively to the nifedipine-sensitive Ca 2+ channels of the epidermal cells (Zhang et al. 2015) . To this end, cotyledons [sampled directly from plants or following culture on MS medium ± pharmacological agent(s) for specified times] were stained with 600 nM fl-DHP for 2 h at 20 C unless otherwise specified. As described above for estimates of [Ca 2+ ] cyt rel , transverse hand-cut sections of cotyledon epidermal cells were stained with Tetrazolium Blue and CFW, and imaged using the Olympus FV1000 CLSM at the same settings as for OGB-1.
Visualization of wall ingrowth papillae
Wall ingrowth papillae were observed on cytosolic faces of outer periclinal walls of fractured epidermal peels prepared for scanning electron microscopy (SEM) as described by Zhou et al. (2010) .
Data analysis
Images of cotyledon epidermal cells emitting OGB-1 or fl-DHP fluorescence captured by CLSM were converted and analyzed in FLUOVIEW Viewer 2.0. For each treatment, 100 adaxial epidermal cells per replicate cotyledon were scored for the percentage presence of the OGB-1/fl-DHP fluorescence. Pixel densities of OGB-1/fl-DHP fluorescence were measured using Image J software (http:// rsbweb.nih.gov/ij/). For each treatment, 100 cells across four replicate cotyledons were measured to obtain a mean estimate of pixel intensity. Pixel densities of OGB-1 fluorescence were converted to estimates of [Ca 2+ ] cyt rel from a fitted standard curve of these parameters (see Zhang et al. 2015) .
The percentage of cells with wall ingrowth papillae was obtained by scoring the presence/absence of wall ingrowth papillae by SEM analysis of 100 cells per replicate cotyledon as described by Zhou et al. (2010) . For each treatment, six replicate cotyledons were scored.
Statistical significance of each treatment effect was determined using t-test in Microsoft Excel 2007.
Supplementary data
Supplementary data are available at PCP online. 
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